Introduction
Telomerase is a unique ribonucleoprotein enzyme responsible for adding telomeric repeats onto the 3' ends of chromosomes [1, 2] . Telomerase plays an important role in the development of cellular immortality and oncogenesis. Previous published studies have shown that telomerase activity is found in 85%-90% of all human tumors, but not in their adjacent normal cells. This makes telomerase a good target not only for cancer diagnosis, but also for the development of novel therapeutic agents [3, 4] . A series of experimental strategies have been employed to block either telomerase function or expression, both in vitro and in vivo in several tumor cell lines derived from a number of species [5, 6] . Antisense oligonucleotide (ASODN) is a new class of antineoplastic agents that can prevent the initiation and progression of specific human cancers when targeted to appropriate molecular targets [7, 8] . Since the first antisense drug Vitravene was approved by the American Food and Drug Administration (FDA) in 1998, it has been our hope that this class of compound will represent a whole new class drug with potential therapeutic application against a variety of disease, including cancer. Human telomerase reverse transcriptase (hTERT) is a catalytic subunit of telomerase. There are many published studies which have found that more than 90% of examined tumors show telomerase activity in connection with the expression of the activity-limiting component hTERT [9, 10] . The inhibition of telomerase activity in tumor cells can lead to telomere destabilization and consequently to growth inhibition and cell death. Therefore, targeting the catalytic subunit of hTERT represents a promis-
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Aim: To evaluate the in vivo antitumor effects of Cantide and the combined effect with 5-fluorouracil. Methods: An in situ human hepatocellular carcinoma model was established in mice livers orthotopically. Drugs were administered intravenously and tumor sizes were monitored with calipers. Plasma alpha-fetoprotein (AFP) were detected by radiation immunoassay. Morphology of tumors was evaluated by hematoxylin-eosin (H&E) staining of histological sections. Human telomerase reverse transcriptase (hTERT) protein levels were detected by Western blotting. Results: Cantide significantly inhibit in situ human hepatocellular carcinoma growth in mice with a 75 and 50 mg·kg -1 ·d -1 administration of Cantide compared to the saline group in a dose-dependent manner, which included injecting Cantide 25 mg·kg -1 ·d -1 -75 mg·kg -1 ·d -1 by iv for 20 d after surgically removing the tumor in liver. Cantide was also found to prevent tumor recurrence in the liver and metastasis in the lung, showing a dose-dependent response. When Cantide was administered by iv combined with 5-fluorouracil, it resulted in a significant reduction in tumor growth compared to either agent alone treatment group. After the treatment with Cantide alone or combined with 5-fluorouracil, plasma AFP concentration decreased in a dose-dependent manner. Conclusion: These results demonstrated that Cantide was an effective antitumor antisense oligonucleotide in vivo and has the potential to be developed into a clinical anti-cancer drug.
ing approach for diminishing telomerase function. Phosphoro-thioate antisense oligonucleotides targeted to hTERT had been studied and has been found to have growth inhibitory efficacy to cancer cells in vitro [11, 12] , but only few detected ASODN activity in animal models [13, 14] . Our previous study had shown that an ASODN complementary to hTERT, Cantide, had a specific inhibitory effect on tumor cell growth after in vitro treatment, down-regulated hTERT mRNA expression and telomerase activity, and triggered apoptosis through the activation of the caspase family [15] . In the present study, we used an in situ human hepatocellular carcinoma (HCC) model to further assess the effect of Cantide in in vivo growth of HCC in mice and the combined effect of Cantide with 5-fluorouracil (5-FU). Our findings demonstrated that systemic administration of phosphorothioate antisense ODN to hTERT mRNA resulted in a significant growth inhibition of in situ HCC tumors and prevented tumor recurrence in the liver and metastasis in the lung.
Materials and methods
Oligonucleotides and drug Antisense phosphorothioate oligonucleotide Cantide (5'-ACTCACTCAGGCCTCAGACT-3') and sense phosphorothioate oligonucleotide (5'-AGTCT-GAGGCCTGAGTGAGT-3') were synthesized by an Applied Biosystems Model 391 DNA synthesizer on solid supports using Oligo Pilot II DNA (Amersham-Pharmacia, Piscataway, NJ, USA) and purified by high-performance liquid chromatography (HPLC) (Waters Delta Prep 4000, Milfordd, MA, USA) with SOURCE 15Q (Amersham Pharmacia, Piscataway, NJ, USA), the purity of oligonucleotides was over 95%. The sense sequence was used as a control. 5-Fluorouracil was purchased from the Shanghai Donghaipu Pharmaceuticals Company (Shanghai, China) as a positive control. An radiation immunoassay (RIA) kit was purchased from the China Institute of Atomic Energy (Beijing, China).
Animals and in situ human hepatocellular carcinoma model Experiments were carried out in virgin female Balb/c mice raised at the PLA 202 hospital. All animal studies were conducted in accordance with the highest standards of animal care as outlined in the NIH guide for the Care and Use of Laboratory Animals. Human hepatocellular carcinoma (HCC) high metastasis tumor line HCM-Y89, established in 1989 by PLA 202 Hospital, was derived from a HCC surgical specimen, and has been maintained by serial transplantation in animals. Briefly, the HCM-Y89 tumor was cut into 1 mm×1 mm×1 mm tissues, BALB/c mice (4-6 weeks old, weighing 18-22 g) were anesthetized with propofol (2 mg/kg, intra-venously).
A small incision was made in the left liver and a fragment of tumor was implanted. The incision was closed using a Ethicon black braided silk suture. Twenty days later, the mice were killed by cervical dislocation and the tumors were removed. A histological evaluation of tumor tissues was performed, organs were fixed in neutral buffered 10% formalin, processed by standard methods, embedded in paraffin, sectioned and stained with H&E. This model showed various features in clinical liver cancer patients including local growth, regional invasion, spontaneous intrahepatic, lymph nodes and pulmonary metastasis, peritoneal seeding with bloody ascites, and secretion of alpha-fetoprotein in recipient animals.
Treatment of in situ HCC xenograft with cantide and anticancer drug Two days after the in situ HCC models were established, mice were injected by iv with saline (vehicle control), Cantide with 12.5 , 25, 50 , 75 mg·kg Histophatological analysis Tissues were excised and fixed in 10% buffered formalin. Representative fragments were embedded in paraffin, 5-µm sections were obtained and stained with H&E for microscopic observations.
Detection of plasma AFP concentration Animal serum was collected after the mice were killed. The plasma AFP concentrations were detected by RIA according to the manufacturer's instructions.
Statistical analysis Results of the quantitative studies were expressed as mean±SD. Student's t-test was used to determine the significance of differences between the 2 treat-ment groups. Multiple comparisons were made using oneway analysis of variance (ANOVA), and post-tests comparing different treatment means were conducted using Fisher's test. Differences were considered significant for P<0.01
Results
In vivo effects of Cantide treatment on in situ hepatocellular carcinoma xenograft growth The proposed role of the telomerase hTERT subunit has led us to investigate the pharmacological activity of phosphorothioate oligonucleotides targets to hTERT in animal models on tumor growth. In the present study, we used an in situ human hepatocellular carcinoma model in mice to evaluate the activity of Cantide. In order to exclude the nonspecific effect of oligonucleotides, we used sense sequence as a control. After establishing the model 2 d later, Cantide with different doses, sense oligonucleotide with 50 mg·kg -1 ·d -1 , 5-Fu with 10 mg·kg -1 ·d -1 and saline were administered by intravenous (iv) for 20 d. Tumors were removed after the mice were killed. The tumors were then measured and weighed. The results showed that 75 and 50 mg·kg -1 ·d -1 Cantide treatment resulted in a significant inhibition of tumor growth compared to sense or salinetreated mice. The highest inhibitory efficacy was a 69.55% contrast to the saline group, but for the sense oligonucleotide , the inhibitory rate was only a 19.26% contrast to the saline group. The inhibitory rate of 50 mg·kg -1 ·d -1 was 57.77% compared to the sense treatment group (P<0.01). The effect of Cantide was dose-dependent ( Table 1 ). The mean body weight of the mice were not significantly different from the beginning of the study and between the groups (data not shown). Figure 1 shows the final tumor volumes after a 20-d treatment, which showed a significant decrease in the Cantide treatment group compared to the saline control group (P<0.01). However for the sense oligonucleotide treatment group, there was no significant decrease in tumor volume compared to the saline group (P>0.05). No inflammatory infiltrate was noted surrounding the solid tumor (data not shown).
To determine the effect of Cantide on preventing tumor recurrence and metastasize after surgical removal of the tumors, a highly metastatic HCC model was established in the mice liver according to the above method. When the xenograft tumor had grown to 5 mm×5 mm×5 mm, the mice underwent an operation to remove the tumors; 3 d later, animals were injected with different doses of Cantide or saline by iv for 20 d and then checked for a relapse in the liver. Table 2 shows how the Cantide 75 and 50 mg·kg -1 ·d -1 treatment group could significantly inhibit tumor recurrence in livers after operation. However, there was no statistically significant difference in tumor recurrence in livers treated with 25 mg·kg -1 ·d -1 and 12.5 mg·kg -1 ·d -1 in the Cantide treatment group compared to the saline treatment group. 5-FU could not prevent tumor relapse after operation. The relapse tumor volumes also decreased significantly in the Cantide treatment group compared to the Saline control group (Figure 2) . No signs of treatment-related toxicity such as inflammation, bleeding, hepatomegaly and splenomegaly or weight loss was observed in the animals over the course of the study.
Inhibitory effects of Cantide on tumor metastasis in lung
Tumor metastasis in the lung was also monitored after surgical removal of the tumors from the mice livers and treatment with Cantide or saline for 20 d. Cantide can also prevent tumor metastasis in the lung after operating on the liver. The results found that only 10 and 14 of the 24 mice tested showed evidence of tumor metastasis in the lung with 75 and 50 mg·kg -1 ·d -1 in the Cantide treatment groups, respectively (Table 3) . A histological analysis of the lungs showed that the metastatic areas markedly decreased in mice treated with 75 and 50 mg·kg -1 ·d -1 Cantide compared to the other group, where 5-FU had no effect on tumor metastasis (data not shown).
Effects of Cantide combined with 5-FU on xenograft tumor growth
Several studies have shown that antisense oligonucleotides combined with chemotherapeutics can increase drug sensitivity [16, 17] . In order to evaluate whether a combination effect would occur when Cantide was combined with a chemotherapy drug, Cantide was co-administered with 5-FU by iv for 20 d to mice bearing with in situ HCC tumors. The mice were killed and tumor volumes and weight were measured after the 20-d treatment. Table 4 shows that after the 20-d treatment, the tumor weight decreased in the combination treatment group compared to either agent alone treatment group. The tumor growth inhibitory rate also showed significant difference compared to either agent alone treated group (Table 4 ). Figure 3 shows that at the endpoint of treatment in the combination treatment group, a significant decrease in tumor volumes with respect to tumors growth in either Cantide or the 5-FU alone treatment group was induced.
Histopathological analysis Morphology of tumors from antisense ODN, sense ODN or saline-treated mice was evaluated by H&E staining of histological sections. Tumors were excised at the endpoint of treatment of each protocol. Figure 4 shows representative sections of tumors from each experimental protocol. Tumors from mice treated with Cantide or combined with 5-FU, showed a marked increase in the necrotic area and tumor cells fibrosis compared to saline-treated or normal animals. A large percentage of tumor mass from combination-treated mice was necrotic and fibrotic compared to either agent alone treated mice.
Inhibition of plasma AFP secretion with Cantide treatment Alpha-fetoprotein (AFP) is usually expressed at high concentrations in fetal liver, gastrointestinal tract and the yolk sack. It is transcriptionally down-regulated after birth, frequently re-expressed in HCC,and is a good tumor marker of HCC [13] . We used RIA to detect serum AFP concentration at the endpoint of treatment. Figure 5 shows how Cantide can significantly decrease AFP secretion at 75, 50, and 25 mg·kg -1 ·d -1 compared to the saline group. AFP concentration was also correlated with tumor size (data not shown). The plasma AFP was also detected after treatment with Cantide combined with 5-FU. Figure 6 shows how Cantide combined with 5-FU could increase AFP secretion in plasma. In the two combination treatment groups, plasma AFP concentration decreased compared to either the Cantide or 5-FU alone treatment groups, possibly because there were fewer liver tumor cells in the combined treated mice and reduced circulating AFP.
Discussion
In the present study we have demonstrated that systemic administration of phosphorothioate antisense ODNs to hTERT mRNA results in a significant growth inhibition of We have demonstrated that the antitumor effect of Cantide was because of a specific antisense effect. The inhibition of tumor growth by Cantide was dose-dependent and no abrogation of tumor proliferation was observed in any of the control groups. Another important finding of our present study is that Cantide can effectively prevent tumor recurrence and metastasis. Tumor recurrence and metastasis is a problem encountered during tumor treatment. At present, very few chemotherapeutics can prevent tumor relapse and metastasis after an operation. Pastorino's [18] study indicates that an antisense targeting to c-myc can inhibit tumor growth and metastasis. In the present study we demonstrated that Cantide effectively suppressed tumor metastasis in lungs with 75 mg·kg -1 ·d -1 treatment. Lung metastasis was found in only 10 mice of the 24 mice (41.7%). Cantide can also prevent local recurrence after an operation. An important factor contributing to these results is that Cantide might inhibit telomerase activity [15] , thus the residue of tumor cells after an operation has less ability to proliferate.
AFP is a secretary protein that is heterogeneously glycosylated. AFP is usually expressed at high concentrations in fetal liver, gastrointestinal tract, and the yolk sack. It is transcriptionally down-regulated after birth and frequently re-expressed in HCC, therefore used as a diagnostic marker for the tumor. Serum AFP is useful not only for diagnosis, but also as a prognostic indicator for HCC patients. AFP mRNA has been proposed as a predictive marker of HCC cells disseminated into the serum circulation and for metastatic recurrence [19, 20] . We detected serum AFP concentration after the surgical removal of tumors and their treatment with Cantide. The results showed that serum AFP secretion was significantly inhibited in a dose-dependent manner in the Cantide treatment groups compared to the saline group. The AFP concentration was also lower than 5-FU group.
The serum AFP concentration and the relapse of tumor volume had a good dependent relationship, which was correlated with AFP as a marker for HCC recurrence and metastasis.
In the past decade, several ASODN have been developed and tested in preclinical and clinical studies. Many have found convincing in vitro reduction in target gene expression and promise activity against a wide variety of tumors [21, 22] . However, because of the multigenic alterations of tumors, the use of ASODN as a single agent does not seem to be effective in the treatment of malignancies. Antisense therapy that interferes with signaling pathways involved in cell proliferation and apoptosis are particularly promising in combination with conventional anticancer treatment; several preclinical studies have also been performed using antisense oligonucleotides in combination therapy on human tumors [23, 24] . Our previous study showed that Cantide inhibited tumor cells growth through triggered tumor cells apoptosis [15] , and increasing 5-FU sensitivity in HepG2 cells in vitro (data not shown). Zhang and He also show an increased sensitivity to cisplatin caused by hTERT ASODN treatment in leukemia cells [25] . However, to our knowledge, no published studies have been performed to detect the in vivo activity of hTERT ASODN in combination with chemotherapy drugs. We investigated the combinational activity of Cantide with 5-FU in the in situ HCC model. The results indicate that 75 or 50 mg·kg -1 ·d -1 Cantide combined with 10 mg·kg -1 ·d -1 5-FU significantly suppresses in situ HCC growth in mice. At the endpoint of the treatment, the tumor weight was much lighter than either agent alone treatment (Table 4) . These results suggest that the combination of Cantide with 5-FU might sensitize patients with late-stage HCC to chemotherapy.
In summary, we have for the first time directly addressed the potential therapeutic role of Cantide in an in situ human HCC model. Significant inhibition of HCC growth was achieved by combining Cantide with 5-FU, indicating that combined targeted therapy with conventional cytotoxic agents are required for the prevention of tumor growth.
